Abstract--Area-weighted thickness distributions of fundamental illite particles for samples of illite and illite-smectite from seven locations (including bentonites and hydrothermally altered pyroclastics) were measured by Pt-shadowing technique, by transmission electron microscopy. Most thickness distributions are described by lognormat distributions, which suggest a unique crystallization process. The shapes of lognormal distributions of fundamental illite particles can be calculated from the distribution mean because the shape parameters c~ and [32 are interrelated: 132 = 0.107c~ -0.03. This growth process was simulated by the mathematical Law of Proportionate Effect that generates lognormal distributions. Simulations indicated that illite particles grow from 2-nm thick illite nuclei by surface-controlled growth, i.e., the rate of growth is restricted by how rapid crystallization proceeds given a near infinite supply of reactants, and not by the rate of supply of reactants to the crystal surface. Initially formed, 2-nm thick crystals may nucleate and grow within smectite interlayers from material produced by dissolution of single smectite 2:1 layers, thereby transforming the clay from randomly interstratified (Reichweite, R = 0) to ordered (R = 1) illite-smectite after the smectite single layers dissolve. In this initial period of illite nucleation and growth, during which expandable layers range from 100 to 20%, illite crystals grow parallel to [001]* direction, and the dimensions of the (001) plane are confined to the size of the original smectite 2:1 layers. After nucleation ceases, illite crystals may continue to grow by surface-controlled growth, and the expandable-layer content ranges from 20 to 0%. This latter period of illitization is characterized by threedimensional growth. Other crystal-growth mechanisms, such as Ostwald ripening, supply-controlled growth, and the coalescence of smectite layers, do not produce the observed evolution of a and 132 and the observed shapes of crystal thickness distributions.
INTRODUCTION
The term "fundamental particle" was introduced by Nadeau et al. (1984) to indicate the thinnest physically separable clay particles (e.g., --1 nm thickness for smectite particles, and 2 nm or larger thicknesses for illite particles) that produce single, hexagonal-based, electron diffraction patterns when observed in the transmission electron microscope (TEM). These authors used the Pt-shadowing technique to measure fundamental-particle thickness. We adopt this term, but with a different genetic connotation than that presented by Nadeau et al. (1984) . In subsequent studies that used high-resolution (HR) TEM imaging of bulk-rock specimens processed to preserve the original fabric (Srodori et al., 1990 ) and X-ray diffraction (XRD) analyses of bulk-rock specimens (Reynolds, 1992) , most fundamental particles were found to occur as "building blocks" of mixed-layer crystals (MacEwan crystallites). The occurrence of fundamental illite particles as individual entities on TEM grids results from infinite osmotic swelling of mixed-layer crystals along the interlayers containing hydrated cations (i.e., "smectitic interlayers"). Such swelling produces single 2:1 layers (smectite fundamental particles) and sets of 2:1 layers bonded by fixed and non-hydrated cations (illite fundamental particles). Infinite swelling of mixed-layer crystals can be achieved under the conditions involved in the preparation of electron microscope specimens (the use of Na or Li exchange cations and very dilute, electrolyte-free suspension). Illites are commonly thick particles where interparticle diffraction effects are minimal. Thus, the illite fundamentalparticle thickness is identical to crystal thickness. I1-lite-smectites are minerals composed of thin illite particles with or without accompanying smectite single layers. The fundamental-particle size in illite-smectite is necessarily smaller than the mixed-layer crystal size of illite-smectite. With increasing percent of swelling interlayers, the number of fundamental particles per mixed-layer crystal gradually increases to about five for pure smectite (Drits et al., 1997) . Nadeau et al. (1984) measured thickness distributions of fundamental particles from illite-smectites. Nadeau (1985 Nadeau ( , 1987 established several relations between fundamental-particle dimensions, including a positive correlation among the mean particle thickness, the mean area of the (001) 
for the continuous frequency distribution f(X). In practice, we usually deal with discrete phenomena and observations (Xi is an i-th measured value), and thus,
[32 = ~ [ln(Xi) -et]zf(xi).
The lognormal distribution is skewed towards larger values, and the degree of skewness depends on the variance of ln(X). The log_normal distribution is characterized by moments, X n, i.e., mean values of X raised to the power n: ~n = Z Xnf(X) = exp(net + n2132/2).
First and second order moments, i.e., mean values of X and X 2, are used in this study: 
MATERIALS AND METHODS OF MEASUREMENT
TEM data used here were collected by several different analysts using the Pt-shadowing technique (Srodoff et al., 1992) . The analyzed samples (Table 1) are pure fractions of illite and illite-smectite. These fractions were separated from altered pyroclastic rocks which have undergone burial diagenetic or hydrothermal alteration. Thus, all samples contain authigenic clays, free from detrital-illite contamination. All rocks were soft and swelled in water, and thus no grinding was needed prior to clay-fraction separation, thereby preserving natural crystal-thickness distributions. In hard rocks, grinding has been shown to cleave illite crystals (e.g., Jiang et al., 1997) .
In our experience, distributions of fundamental particle thickness in the clay fraction of illite-smectite from diagenetically or hydrothermally altered pyroclastics is representative of the whole rock, provided that the clay is not separated into fractions of <0.2 p.m and extreme dilutions are not used. With extreme dilutions, mixed-layer crystals undergo infinite osmotic swelling, and centrifugation may separate different populations of fundamental particles (Clauer et al., 1997) .
TEM measurement of the thickness of thin fundamental particles can be biased towards larger values owing to the tendency of the operator to select larger and "nice looking" particles if special precautions are not taken (~rodofi et al., 1992) . All measurements analyzed in this study followed a standard procedure to avoid operator biases. Fundamental particles of illite are known to have variable dimensions in the (001) plane, which must be included in the crystal-size analysis. For this reason, HRTEM data, which consist exclusively of particle-thickness measurements, were not used in this study. Data sets (Table 1) consist of thickness, length, and width, and particle area, which is calculated as length times width.
ANALYSIS OF PARTICLE-SIZE DATA

Particle-thickness distributions
Types of thickness distributions and measurement error. Illite and smectite fundamental particles are plates with different shapes and dimensions in the (001) plane. Distributions of particle thicknesses can be analyzed as number-weighted (NW), (001) area-weighted (AW), or volume-weighted (VW) frequencies. Area-weighted distributions are most useful, because they relate to XRD and chemical measurements, including expandability by XRD on the basis of calculations from program NEWMOD (Reynolds, 1985) , l Number of fundamental particles measured by TEM, percent smectite particles in this population, XRD expandability, and ordering are presented along with the calculated parameters ct, [~2, and mean thicknesses (Na) of area-weighted lognormal distributions of fundamental particles of illite (ID), and illite plus smectite (ISD). (1) Zoned Carboniferous bentonite from the Upper Silesia Coal Basin (Srodofi et al., 1986 (Srodofi et al., , 1992 ; (2) Silurian bentonites from Welsh Borderlands (ibid.); (3) Hydrothermally altered fault gauges from Silverton caldera, San Juan Mts., Colorado (Eberl et al., 1987; Srodofi et al., 1992) ; (4) Hydrothermally altered rhyolite, Zempleni Hills, Hungary (Srodofi et al., 1992; Viczi~n, 1997) ; (5) Miocene bentonites from the East Slovak Basin (Sucha et al., 1993) ; (6) Hydrothermally altered Miocene volcanics from central Slovakia (Sucha et al., 1996) ; (7) Hydrothermally altered Miocene volcanics, Japan (Inoue and Kitagawa, 1994) . mean value of fundamental-particle thicknesses determined from fixed cations (Srodofi et al., 1992) , and thickness distributions of mixed-layer crystals and fundamental particles as determined by the BertautWarren-Averbach method (Drits et al., 1998; Eberl et al., 1998b ).
An XRD technique for measuring mean thickness on the basis of integral peak width (Drits et aL, 1997) measures mean volume-weighted thickness (L, or "effective thickness"). L is related to the mean areaweighted thickness (Na):
where Na 2 is the mean of the squares of area-weighted thicknesses. For a lognormal distribution, Equations (7), (8), and (9) give the following relationship between the volume and the mean area-weighted thicknesses:
Area-weighted frequency distributions were calculated by summation of areas (length • width) separately for each size class of fundamental particle thickness, and then by normalizing the sum of all areas to unity. These frequencies were used to calculate the (2) and (3)]. From these parameters, theoretical lognormal distributions were calculated [Equations (1), (4), and (5)] and compared with experimental data. Number-weighted frequencies were processed in an analogous manner. Mean thickness in this case is designated as N, and this symbol also is used below if AW and NW distributions are considered jointly.
Illite-smectites of low expandability contain only one type of fundamental particle, i.e., illite (Table 1) , which is characterized by the presence of fixed interlayer cations. The chemical composition of such thin illite particles is affected strongly by the composition of their top and bottom surfaces, which may be different from their interior (Altaner et aL, 1988) . Illitesmectite of higher expandability may contain such illite particles and smectite particles, i.e., single 2:1 layers without fixed interlayer cations (Table 1) . For sampies containing both smectite particles and iUite particles, two thickness distributions were calculated per sample: one for all fundamental particles (the i11ite + smectite distribution, or ISD) and one for illite particles only (ID). Table 1 lists the results of these calculations, and Figure 1 presents selected crystal-size distributions, coverin_g a range of mean particle thicknesses. Calculated N, or N, and et and ~ values are given in Figure 1 , and theoretical lognormal distributions calculated from ec and ~2 are plotted as solid lines in Figure 1A and 1C.
Area-weighted ID are smooth curves, and are in good agreement (except for clays with Reichweite, R = 0, see below) with theoretical lognormal curves if < 6 ( Figure 1A ). CSDs for these samples are lognormal at the > 10% significance level, on the basis of the Kolmogorov-Smirnov statistical test (Benjamin and Cornell, 1970) . The same is true for numberwei._ghted distributions for N < 6 (not shown). At higher N, distributions become scattered, and the scatter is greater for the area-weighted distributions than for the number-wei__ghted distributions ( Figure 1C ), especially at greater N values, which results from the fact that thicker particles have greater areas. The scatter results from poor counting statistics. At N = 3, 50 measurements are sufficient to obtain an estimate of et and 132 to within a few percent. At larger N values, the distributions spread out, and there are more size classes <.... parameters from Equation (1). A) area-weighted distributions of illite fundamental particles for five samples with different mean thicknesses; B) area-weighted thickness distributions of illite (ID) and illite + smectite (ISD) fundamental particles for the same randomly interstratified sample; C) area-weighted (AW) compared to particle number-weighted (NW) distributions of a sample with a large mean particle thickness. The scatter of data, owing to poor counting statistics, is larger for the AW distribution. Alpha from area-weighted thicknesses (nm) Figure 2 . Plot of lognormal parameters c~ vs. f32 calculated from the area-weighted thickness distributions of all studied samples (see Table 1 of particles to count. At N = 10, 100 measurements produce a tognormal curve with considerable scatter, but 50 measurements may distort the result considerably by over-or under-estimating both c~ and 132.
A W 11) versus ISD thickness distributions of particles.
The mean of the natural logarithms of the thicknesses (in nm), a, is plotted (Figure 2 ) versus the variance of the natural logarithms of the thicknesses (in nm), [32, for area-weighted (AW) distributions. These distributions include smectite particles (ISD) and exclude smectite particles (ID). For c~ > 1.2, the plotted curves coincide, because these samples do not contain smectite particles (Table 1 ). The scatter of data at c~ > 1.8 is related to poor counting statistics (Table 1 ). At a < 1.0, the two sets of data contrast. ID data form a welldefined trend, starting at c~ = 0,69 and [32 = 0, where this point correspond to samples consisting only of 2-nm thick particles. ISD data plot close to the ID trend where there are few smectite particles (R = 1 clays). Randomly interstratified (R = 0) clays form a separate trend, starting at (x = 0 and [32 = 0, a point that represents pure smectite (single 2:1 layers), with [32 increasing sharply with increasing (x. In the transition from R = 0 to R = 1 (at a of 0.7), [32 of ISD decreases abruptly (note arrow, Figure 2 ). tributions are assumed, [32 also may be calculated using Equation (7) and the regression equation of Figure  3A . The relation obtained in this way, [32 = -0.02 + 0.09 In Na, is nearly identical to that derived by experiment ( Figure 3B ), indicating that the experimental data follow the lognormal distribution closely. The precision of the regression equations presented in Figure 3 was considered by fitting only data for Na < 6, which have superior counting statistics, and differences in the results were negligible. Combining equations from Figure 3A and 3B produces a linear relationship between c~ and [32 that characterizes ID (Figure 2 ):
Characteristics of AW-thickness distributions of illite
[32 = 0.107or -0.03. Area (AW) versus number-weighted (NW) thickness distributions. Number-weighted ID curves also are lognormal, and are described by similar equations to those in Figure 3 . Figure 4 gives regression curves for NW versus AW lognormal parameters. Both distributions are related _uniquely: with values of 132 identical ( Figure 4A ), but N and e~ values increasing more rapidly for AW than for NW in N > 3 s._amples ( Figure  4B and 4C ). This rapid increase in N and c~ values implies that for Na > 3, the thickness and the area of illite particles are positively correlated. Thus, for an identical value of 132, N and a values are larger for AW than for NW distributions. Figure 4 can be used to calculate AW parameters from NW parameters for these types of clays.
Evolution of the frequencies of particles of a given thickness during illitization. Figure 5 shows the evolution of particle thickness during illitization (ISD AW data) in a plot of frequency of particles of a given thickness vs. sample mean thickness (an increase in mean thickness is indicative of the progress of the illitization of smectite). Particles appear and disappear in a regular fashion during illitization: thin particles have a greater maximum frequency and occur with a narrower range of N than thick particles.
Fundamental-particle thickness versus mixed-layer crystal thickness. Mean fundamental-particle thickness (Na), mean mixed-layer crystal thickness (T), and "expandability" (i.e., percentage of smectitic interlayers, or %S) are related and characterize mixed-layer clay crystals in the [001]* direction (Drits et al., 1997) :
N, and T are means of AW ISD and are given as numbers of layers (equal to the thickness in nm for dehydrated illite-smectite). Equation (12) may be used to calculate Na from %S and T, the latter measured from XRD peak broadening of K-saturated and d.__ehydrated mixed-layer clays (Drits et al., 1998) . N~ of ISD distributions may be calculated also from the fixed cations content [Equations (2) and (3) of Srodofi et al., 1992] . The XRD method of Bertaut-Warren-Averbach (Drits et al., 1998) , when applied to fundamental particles (PVP technique of Eberl et al., 1998b) , gives Na for only the population of illite particles (ID), because isolated 2:1 layers do not contribute to diffraction peaks. Thus, if TEM measurements are not available, the PVP technique is the best alternative for determining the thickness distribution for illite fundamental particles. 
Mean thickness of sample
Particle dimensions in the (001) plane
A positive correlation between the mean thickness and the mean area of illite particles for samples with N > 3 is shown in Figure 6A . The large scatter of the data can be understood if mean length and mean width are plotted separately against mean thickness ( Figure  6B ). The two lines in Figure 6B are drawn through minimum values of mean length and mean width for a given mean thickness. These lines correspond to the line drawn through the minimum-area values in Figure  6A . Samples that plot on these lines contain plate-like particles with an aspect ratio (mean length/mean width) of about 2:1. However, many samples plot above these lines, which indicates that these samples have larger mean areas for a given N value. These particles are both plate-sh__aped and lath-shaped, with aspect ratios to 9:1. For N < 10, Figure6C indicates that both shapes are found, and at larger N values only platy particles occur.
The increase in length and width of particles with increasing thickness is observed also within individual samples, but only for samples with larger particle sizes. These data show scatter ( Figure 7A ) as do the length versus width plots ( Figure 7B ) and therefore, regression analyses were not obtained. Figure 7B also indicates that smectite and illite particles of a given sample have similar dimensions within the (001) plane and similar aspect ratios.
Most distributions of length and width for individual samples are lognormal. If the lognormal parameters for all samples are plotted together, an approximate increase in 132 with et is observed (Figure 8 ). The trends are sub-parallel, but the data are too scattered to determine reliable regression equations between ct and [~2 for width and length.
THEORETICAL APPROACH
Most of the samples, collected from seven locations, have lognormal populations of illite fundamental-particle thicknesses. The log___normal parameters a and 132 can be calculated from Na (Figure 3 ) and, for most of the ID samples, 132 increases linearly with c~ [ Figure 2 and Equation (11)]. These relations hold despite the fact that the correlations among thickness and dimensions within the (001) plane are not strong (Figure 6 ). In other words, samples of a given mean particle thickness may be composed of particles with highly variable mean areas and mean elongations, but particle thicknesses follow Equation (11), i.e., a unique path in et vs. ~2 plot. Therefore, it is feasible that each location shows the same growth mechanism along the [001]* direction, and it is this mechanism that is responsible for the generation and the evolution of lognormal distributions.
The mathematical law that generates lognormai distributions is known as the Law of Proportionate Effect (LPE), discovered by Kapteyn (1903) . Numerous physical mechanisms operate according to this law and lognormal distributions are therefore common in natural systems. We assume for illite-smectite, that the growth mechanism for fundamental particles along the [001]* direction follows this law. Applied to crystal growth, LPE states that for a given growth cycle, particles will grow in proportion to their size times a random number:
x., = xj + ~jxj,
where Xj and Xj+~ are crystal dimensions before and after a growth cycle, respectively, and ~j is a random number between 0 and 1. Lognormal distributions are generated and evolved by repeating growth cycles for a large number of particles. A computer model (GALOPER) simulates this growth mechanism and other types of crystal growth (Eberl et al., 1998a) . A comparison between simulated and measured shapes for crystal-size distributions (CSDs) may yield the crystal-growth mechanism. Surface-controlled, open-system growth involves Equation (13) only, which yields lognormally shaped distributions for which [3 ~ increases linearly with et. During such growth, the growth rate is limited by how fast crystals can grow given an infinite reservoir of reactants. This "ability to grow" is represented by the ejXj term. During supply-controlled growth, however, the limiting step is the rate at which reactants reach the crystal surface. This growth is modeled by normalizing the amount of growth allowed by Equation (13) to the amount of designated mass available during each growth cycle. During this type of growth, the shape of the CSD based on the previous cycle is preserved as the mean size increases (i.e., 132 is constant with increasing o0. Simultaneous nucleation and growth is modeled by permitting nuclei of a specified size to form at a constant or variable nucleation rate, while earlier-formed nuclei grow according to the LPE. This mechanism yields an "asymptotically" shaped CSD, and 132 increases exponentially with et. The GALOPER program also models Ostwald ripening (i.e., simultaneous dissolution of small particles and growth of larger ones) using equations for supplyand surface-controlled ripening. During this process, 132 generally decreases as et increases, and the shape <--. of the CSD approaches a steady-state, reduced, negatively skewed profile. A detailed discussion of all these models is presented by Eberl et al. (1998a) .
INTERPRETATION OF THE ID AND ISD DATA
Interpretation of the 1D curves
The experimental ID data (solid circles in Figures 2  and 9 ) and the data for mean length and mean width (Figure 8) , which shows more scatter, support a predominantly surface-controlled growth mechanism for fundamental illite particles, because ~ and 132 are positively correlated. The ID data in Figure 2 are simulated using GALOPER ( Figure 9A ) by assuming a brief period, during which 2-nm thick illite crystals nucleate and grow (line 1 in Figure 9A for which (x and 132 are exponentially related), followed by surfacecontrolled growth without simultaneous nucleation (line 2 for which c~ and 132 are linearly related).
In the GALOPER program, 2-nm thick crystals are permitted to nucleate in two steps. In the first step, 500 2-nm thick crystals nucleate, followed by a the second step where 500 more crystals nucleate while the first 500 crystals grow one step according to the LPE [Equation (13)]. During this process, the relation between c~ and 132 follows curve 1 in Figure 9A . Thereafter, the 1000 crystals continue to grow according to Equation (13) (i.e., surface-controlled growth) without additional nucleation, and the parameters are now related by curve 2 in Figure 9A . The simulation of the ID data can not distinguish whether the initially formed 2-nm thick illite crystals nucleate on previously formed smectite crystals, if they are formed by the coalescence of two smectite layers adjacent to an interlayer potassium, or if they are completely neoformed. Each of these mechanisms produces identical relationships between c~ and 132 for the ID curves during nucleation step. After nucleation, however, surfacecontrolled growth [Equation (13)] is the only process we have found that can duplicate the experimental relationship described by curve 2.
As noted above, Ostwald ripening decreases 132 with increasing (x, and during supply-controlled growth 132 remains constant with increasing (x. GALOPER calculations indicate that crystal coalescence as the sole process where existing particles are bound by interlayer potassium to form thicker particles is not consistent with the experimental c~ vs. 132 plot. In addition, these mechanisms do not yield lognormal CSDs.
Complementary evidence for the proposed mechanism is obtained by comparing the shapes of ID curves at two postulated stages of the reaction: nucleation and growth (at R = 0) versus pure growth (R > 0 clays). As noted above, the nucleation and growth mechanism produces "asymptotic" distributions, and pure growth produces lognormal distributions. Relations for fundamental particles among: (A) mean thickness (N) and mean area in the (001) plane; (B) mean thickness and mean length or mean width; and (C) mean thickness and ratio of mean length to mean width for all studied samples. Line in (A) is drawn through the minimum area values. Lines in (B) and (C) represent 2:1 ratio of mean length/mean width. Squares and triangles in (B) represent plots of mean dimensions of smectite particles in randomly interstratified clays. means. The difference in curve shapes is striking. The samples with R > 0 have shapes that are lognormal, as is shown by the models. In contrast, the curve shapes for samples with R = 0 deviate from lognor- mality. These samples are dominated by the finest particles, which is characteristic of simultaneous nucleation and growth. This specific shape (asymptotic) of curves for ID of R = 0 clays is inconsistent with an alternative hypothesis, i.e., illite growth from a smectite nucleus. If illitization proceeds by nucleation of smectite, followed by growth of the single layer nuclei into illite particles, the resulting ID curves would be strictly lognormal, as confirmed by modeling.
Interpretation of the ISD curves
A successful model of the illitization mechanism must explain also the evolution of the ISD illustrated in Figure 2 . Figure 9B presents a GALOPER simulation that is consistent with the experimental data. The simulation involves decaying nucleation and growth, followed by pure growth. From experimental evidence (Table 1) , the pure nucleation stage probably ends when the clay contains -75% single layers and 25% double layers, and the nucleation and growth follows. The process consumes single layers which become exhausted at near the mean thickness of 2.5 nm, in agreement with the experimental data. Pure surface-controlled growth follows. The consumption of single layers during illitization is illustrated in Figure 11 , where the percentages of single layers in the ISD versus mean thickness of ISD or ID is plotted. The means are measures of the progress of the reaction. Three models of growth are evaluated, each starting from the same pure nucleation stage, which is 75% single layers and 25% double layers. The simulations show that pure growth is incapable of consuming the available single layers at the rate indicated by experimental data. The mechanism for the fast consumption of single layers is nucleation. This mechanism consumes all the available single layers, and no additional dissolution and reactant removal mechanism is required. The best fit of the experimental data is obtained when the model of decaying nucleation accompanied by growth is applied (Figure 11 ).
CONCLUSIONS
Analysis of the illite fundamental-particle thickness distributions measured by TEM indicates the operation of a unique growth mechanism. Figure 12 even when single layers are absent owing to the interparticle diffraction between illite fundamental particles (Nadeau et al., 1984) . Three stages of the process as discussed above are shown in the plot: 1) The nucleation of 2-nm thick crystals at the incipient stage of illitization, until a clay containing 75% single layers forms (at --70%S as measured by XRD); 2) The simultaneous nucleation and growth of 2-nm nuclei in the 75-0% single layer range (70-20%S). Simulations of this stage imply a process where illite crystals nucleate and grow at the expense of single layers, possibly in a closed system. The nucleation occurs at a decaying rate, thus for R = 0 clays (>10% single layers) nucleation dominates the process, and for R > 0 clays (<10% single layers) growth is dominant; 3) Surface-controlled growth (single layers absent, <20%S) proceeds in three dimensions, unlike stage 2. Because all single layers have been consumed, the origin of the reactants to grow illite in this stage is uncertain. Illite growth may be supported by the dissolution of amorphous material or other minerals (e.g., feldspar) in the bentonites or in the adjacent wall rock, by percolating reactant-rich solutions, or by random dissolution (random with respect to illite-particle thickness) of previously formed illite crystals. The latter mechanism, called surface-controlled random ripening (Eberl et al., 1998a ) is effective only if the supply of reactants from dissolution of unstable illite particles is faster than the reactant use by the growth of Figure 11 . Plot of percent of single layers in ISD vs. means (Na) of ID and ISD to illustrate the rapid depletion of single layers during illitization. The experimental data are fitted with lines representing modeling by GALOPER of surface-controlled growth of 2-nm nuclei in three versions: pure growth, growth plus constant rate nucleation, and growth plus decaying rate nucleation. The latter model produces the best fit. percent of single layers in ISD measured by TEM, which reflects three stages of the smectite illitization process: nucleation, nucleation and growth, and surface-controlled growth. empty circles = random clays, filled circles = ordered clays.
stable illite particles. The analysis excludes Ostwald ripening as an illite growth mechanism. The appearance of illite fundamental particles in between smectite single layers produces R = 0 mixed layering. Dissolution of smectite (single layers), nucleation of illite (double layers), and growth of illite fundamental particles all result in the evolution of the mixed-layer crystals towards more illitic composition and explain the transition from R = 0 to R = 1. Note that this transition occurs during the second stage of the illitization process 9 Clays identifed by XRD as R = 1 or R = 2 still contain some single layers (Table  1) , which are consumed slowly during stage 2 of the process. Rapid depletion of single layers in R = 0 clays is caused by nucleaction (Figure 11 ). Of course, if nucleation is not sufficiently intense, an alternative mechanism may be the removal of the excess reactants produced by the dissolution of single layers in an open system.
The data in this paper are limited to illite formed from smectite in altered pyroclastic rocks and bentonites but the proposed model may explain also the shape of %S vs. depth (or temperature) plots for illitesmectite from shales of sedimentary basins. These plots show a marked decrease of %S per unit depth or temperature at early stages of the reaction, and small or unmeasureable decreases below 15%S (e.g., Jennings and Thompson, 1986; Sucha et al., 1993) . If the reaction involves growth of illite crystallites in a smectite matrix, the growth by one layer from a mean of 2 nm to a mean of 3 nm corresponds to a decrease from nearly 100%S (R = 0 clays) to 15%S (R > 1 clays). Further decrease to 5%S corresponds to an increase in mean crystallite thickness from 3 to 10 nm (Table 1) . Therefore, illitization may only appear to cease at 15%S because %S is a non-linear indicator of the progress of reaction. Figure 5 suggests why only R = 1 clays often form regular interstratifications. Regular interstratification implies a perfect alternating pattern, such as ABABAB or ABBABBABB. Such patterns correspond to a sample containing fundamental particles of a unique thickness. The mechanism of illitization allows for such particle-thickness distribution only at the beginning of the process, where a sample may be composed primarily of 2-nm thick particles. The optimal conditions for the occurrence of regularly interstratified R = 1 clay are an intense nucleation of 2-nm particles leading to complete dissolution of single layers before substantial numbers of 3-nm and thicker particles could be grown. Later in the growth process, distributions spread out (Figures 1 and 5 ) and a regular interstratification cannot be realized.
Our data relating the area of the (001)* plane and particle length vs. width dimensions with inc_.reasing particle thickness indicate that, at least until N = 3, growth seems to proceed only in the [001]* direction: no correlation between particle thickness and area is observed ( Figures 4C and 6A) . The large variation of particle area and shape among different samples at this stage of illitization seems to be related to original variations in the dimensions of nuclei. This conclusion is supported by the same size and shape of smectite and illite particles in a given sample ( Figure 7B ). For coarse samples, elongated shapes do not occur ( Figure  6C) , and a positive correlation between mean thickness and area ( Figure 6A ) indicates three-dimensional growth.
The absence of major morphological changes at early stages of illitization has been presented as the best evidence that smectite alters to illite by a solid-state transformation (SST mechanism; Altaner and Ylagan, 1997; Cuadros and Altaner, 1998) . However, an alternative hypothesis is that illite nuclei precipitate between smectite layers, and that lateral growth along the (001) plane is dependent on the dimensions of the smectite layers. Three-dimensional growth begins when all of the smectite layers are dissolved.
